It is clear from the work carried out in different laboratories that ribosomal RNAs play crucial roles in various steps of protein synthesis (for reviews see Refs. 1 and 2). This is true for the association of ribosomal subunits as well. Extensive work carried out previously by Noller and co-workers (3, 4) strongly supports the existence of this type of interaction. The demonstration in our laboratory of the complex formation between naked 16 S and 23 S RNAs of E. coli ribosomes in the absence of any protein (5) also supports an RNA-RNA interaction. It was further shown that the anti-association factor, IF3 (initiation factor 3), 1 induces the dissociation of the 16 S⅐23 S RNA complex (6). IF3 has been shown to interact directly with specific regions of the 16 S RNA (7, 8) . Base changes at positions 791 and 792 have been shown to affect the assembly of ribosomes, IF3 binding, and protein synthesis (9, 10). Hill and co-workers (11, 12) used synthetic oligodeoxynucleotides com- A model of translocation proposed by our laboratory (15-17) is based on the assumption that tight and loose couple (TC and LC) ribosomes are pre-and post-translocation products. The earlier studies (summarized in Table I) suggest that the region of the 23 S RNA at the base of the L7/L12 stalk in the two populations (TC and LC) has alternate conformations, and that the conformational change of the 23 S RNA during interconversion of TC and LC ribosomes is responsible for translocation (17) (18) (19) . It was shown previously through kethoxal treatment studies that the two ribosomal populations use different rRNA sites for subunit association (20) . To understand the mechanism of subunit association during translocation, it is essential to pinpoint these sites. In continuation of the earlier work (13), a number of oligodeoxynucleotides complementary to specific regions of the 16 S and 23 S RNAs were synthesized and directed against both TC and LC ribosomes to study the effects of the probes on the association of subunits of the two types of ribosomes. TC and LC ribosomes are found to use one site in common and another unshared site for association. Details of the proposed conformational change in the specific 23 S RNA region of the 50 S ribosomes are presented. Preparation of TC and LC Ribosomes-Ammonium chloride-washed Escherichia coli ribosomes were prepared according to the method of Stanley and Wahba (21) with some modifications. Isolation of TC and LC ribosomes was based on the observation that the former associate at 4 mM Mg 2ϩ , whereas the latter require higher Mg 2ϩ concentration to associate (20). The 70 S ribosomes were dialyzed for 60 h against TMA-4 (20 mM Tris-HCl, pH 7.5; 30 mM NH 4 Cl, 4 mM magnesium acetate and 5 mM 2-mercaptoethanol) and then subjected to 5-30% sucrose gradient centrifugation in the same buffer at 114,000 ϫ g for 7 h at 4°C. The peak fractions corresponding to 70 S TC, 50 S LC, and 30 S LC ribosomes were pooled separately, avoiding cross-contamination, and precipitated with 0.7 volume of ethanol (Ϫ20°C) according to the method of Soneberg and co-workers (22). TC ribosomal subunits (30 S and 50 S) were isolated from 70 S TC ribosomes by dialyzing against TMA-1 (same as TMA-4 except that Mg 2ϩ concentration was 1 mM) and again subjected to sucrose gradient (5-30%) centrifugation in TMA-1 as described above. The peak fractions corresponding to 50 S and 30 S TC ribosomes were pooled separately and concentrated by alcohol precipi-*
It is clear from the work carried out in different laboratories that ribosomal RNAs play crucial roles in various steps of protein synthesis (for reviews see Refs. 1 and 2). This is true for the association of ribosomal subunits as well. Extensive work carried out previously by Noller and co-workers (3, 4) strongly supports the existence of this type of interaction. The demonstration in our laboratory of the complex formation between naked 16 S and 23 S RNAs of E. coli ribosomes in the absence of any protein (5) also supports an RNA-RNA interaction. It was further shown that the anti-association factor, IF3 (initiation factor 3), 1 induces the dissociation of the 16 S⅐23 S RNA complex (6) . IF3 has been shown to interact directly with specific regions of the 16 S RNA (7, 8) . Base changes at positions 791 and 792 have been shown to affect the assembly of ribosomes, IF3 binding, and protein synthesis (9, 10) . Hill and co-workers (11, 12) used synthetic oligodeoxynucleotides complementary to certain regions of the RNAs that were suspected from kethoxal treatment data (3, 4) to be involved in subunit association, and demonstrated the involvement of bases 787-795 of the 16 S RNA and bases 2306 -2313 and 2750 -2757 of the 23 S RNA. Further, it was found that bases 787-795, as well as the 811-820 region of the 16 S RNA, are involved in subunit association (13) . A RNA-RNA cross-linking study (14) strongly implicated the involvement of bases 1408 -1411 and 1518 -1520 of the 16 S RNA and 1912-1920 of the 23 S RNA in association.
A model of translocation proposed by our laboratory (15-17) is based on the assumption that tight and loose couple (TC and LC) ribosomes are pre-and post-translocation products. The earlier studies (summarized in Table I ) suggest that the region of the 23 S RNA at the base of the L7/L12 stalk in the two populations (TC and LC) has alternate conformations, and that the conformational change of the 23 S RNA during interconversion of TC and LC ribosomes is responsible for translocation (17) (18) (19) . It was shown previously through kethoxal treatment studies that the two ribosomal populations use different rRNA sites for subunit association (20) . To understand the mechanism of subunit association during translocation, it is essential to pinpoint these sites. In continuation of the earlier work (13), a number of oligodeoxynucleotides complementary to specific regions of the 16 S and 23 S RNAs were synthesized and directed against both TC and LC ribosomes to study the effects of the probes on the association of subunits of the two types of ribosomes. TC and LC ribosomes are found to use one site in common and another unshared site for association. Details of the proposed conformational change in the specific 23 S RNA region of the 50 S ribosomes are presented.
MATERIALS AND METHODS
Sephadex G-50 and G-200 were obtained from Pharmacia Fine Chemicals (Uppsala, Sweden). [␥-32 P]ATP and T 4 polynucleotide kinase were obtained from Bhabha Atomic Research Centre (Trombay, India) and Boehringer Mannheim GmbH (Mannheim, Germany), respectively. All other reagents were of analytical grade.
Preparation of TC and LC Ribosomes-Ammonium chloride-washed Escherichia coli ribosomes were prepared according to the method of Stanley and Wahba (21) with some modifications. Isolation of TC and LC ribosomes was based on the observation that the former associate at 4 mM Mg 2ϩ , whereas the latter require higher Mg 2ϩ concentration to associate (20) . The 70 S ribosomes were dialyzed for 60 h against TMA-4 (20 mM Tris-HCl, pH 7.5; 30 mM NH 4 Cl, 4 mM magnesium acetate and 5 mM 2-mercaptoethanol) and then subjected to 5-30% sucrose gradient centrifugation in the same buffer at 114,000 ϫ g for 7 h at 4°C. The peak fractions corresponding to 70 S TC, 50 S LC, and 30 S LC ribosomes were pooled separately, avoiding cross-contamination, and precipitated with 0.7 volume of ethanol (Ϫ20°C) according to the method of Soneberg and co-workers (22) . TC ribosomal subunits (30 S and 50 S) were isolated from 70 S TC ribosomes by dialyzing against TMA-1 (same as TMA-4 except that Mg 2ϩ concentration was 1 mM) and again subjected to sucrose gradient (5-30%) centrifugation in TMA-1 as described above. The peak fractions corresponding to 50 S and 30 S TC ribosomes were pooled separately and concentrated by alcohol precipi-* This work was supported in part by the University Grants Commission and Department of Biotechnology, Government of India. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ). The purity of the preparations was checked by subjecting them to 5-30% (5 ml) sucrose gradient centrifugation and analyzed by monitoring the absorbance (A 260 ) on a gradient analyzer (ISCO, Lincoln, NE).
Synthesis of Oligodeoxynucleotides-The oligodeoxynucleotide probes were synthesized, using phosphoramidite chemistry, on a manual synthesizer (Cruachem). Some of the higher oligomers were synthesized on an automated DNA synthesizer (model 391 PCR Mate, Applied Biosystems, Foster City, CA). Synthetic oligomers in which the trityl group was attached to the 5Ј end were purified on Sep-Pak cartridges (Waters, Milford, MA), and final purification was done by HPLC using an RPC-18 column. The trityl group was removed by treatment with 80% acetic acid. The purity of the oligodeoxynucleotides was checked by 20% polyacrylamide, 7 M urea gel electrophoresis. The sites against which the oligodeoxynucleotide probes are directed are shown in Fig. 1 and listed in Table II .
Measurement of Binding of Oligodeoxynucleotides to Ribosomes-The HPLC-purified oligodeoxynucleotides were 5Ј-end-labeled using [␥- The purity of the preparations was checked by polyacrylamide gel electrophoresis, as described previously.
The binding of each of the 32 P-labeled probes (specific activity 0.5-2.5 ϫ 10 3 cpm/pmol) to 30 S and 50 S ribosomes was determined by incubating the probe with the ribosomes for 15 min at 37°C and then for 12 h at 0°C in 25 l of binding buffer (20 mM Tris-HCl, pH 7.5, 150 mM ammonium chloride, 10 mM magnesium acetate, and 5 mM 2-mercaptoethanol). Two methods, the gel filtration method and a nitrocellulose filter binding assay, were used for binding studies. In the gel filtration method, the incubation mixture was loaded on a Sephadex G-200 column (15 cm ϫ 0.5 cm), and fractions (100 l) were collected on Whatman No. 3MM filter paper. The oligodeoxynucleotide probe bound with ribosomes eluted in the void volume (Fig. 2 ). In the nitrocellulose filter binding assay, the incubation mixtures were diluted to 1 ml with the binding buffer and applied to nitrocellulose filters (Millipore, HAWP 025, pore size 0.45 m), which were washed with three 1-ml aliquots of the same cold (0°C) buffer. In both methods, the filters were dried and counted in a liquid scintillation counter to determine the fraction of the probe bound to the ribosome.
Measurement of the Effect of Oligodeoxynucleotides on the Association of Ribosomal Subunits-The association of 30 S and 50 S ribosomes (TC and LC) to form 70 S ribosomes was determined by incubating equimolar amounts of 30 S and 50 S ribosomes in TMA-10 for 90 min at 37°C, followed by chilling and centrifugation through 5 ml of 5-30% (w/v) sucrose gradient at 4°C for 2.5 h in the same buffer at 114,000 ϫ g in a Beckman SW 50.1 rotor. Gradients were analyzed spectrophotometrically on an ISCO gradient analyzer.
The effects of the oligodeoxynucleotides on the association of the two subunits (TC or LC) were checked by preincubation of the corresponding subunit with excess amount of the oligodeoxynucleotide in binding buffer for 15 min at 37°C and then overnight (for about 12 h) at 0°C, followed by the addition of an equimolar amount of the other subunit in TMA-10. Finally, the mixture was incubated for 90 min at 37°C and then subjected to sucrose density gradient centrifugation and analyzed by an ISCO gradient analyzer. In each experiment ribosomal subunits were preincubated under identical conditions, either without or with unspecific random oligodeoxynucleotides as controls.
RESULTS

Binding of Oligodeoxynucleotides to Ribosomal Subunits-
The binding of the oligodeoxynucleotides to both TC and LC ribosomes was ascertained before the association experiments were carried out. Ribosomes were incubated with an excess of 32 P-labeled oligodeoxynucleotide probe. Extent of binding was measured by gel filtration and by filter binding assay as described previously. The results obtained by both methods were virtually identical. As determined by gel filtration (Fig. 2a) , probe 8 (811-820) binds to both 30 S TC (80%) and 30 S LC (60%) ribosomes, but only weakly to 50 S TC ribosomes (about 10%). The binding of probe 14 (2294 -2315) to 50 S TC is much less than to 50 S LC (Fig. 2b) ; its binding to 30 S TC is negligible.
The binding data, as obtained by the gel filtration method, are summarized in Tables III and IV . It should be noted that various ratios of probes to ribosomes were used to attain the maximum binding. Among the 16 S RNA probes (Table III) , probes 1, 3, 5, 7, 9, and 10 bind more or less to the same extent to both TC and LC 30 S ribosomes, but binding varies from 20 to 80%. For probes 3, 9, and 10, a high level of unspecific binding to 50 S TC ribosomes is also observed, perhaps due to partial homologous regions complementary to these probes, or similar stretches with few mismatches present in 23 S RNA. Probes 2, 4, 6, and 12 do not show any binding to either type of ribosome. Probe 4 is a 34-mer encompassing probes 3, 5, 6, 7, and 8. Of these smaller probes, 3, 5, 7, and 8 all show significant binding to the 30 S ribosomes. Non-binding of the longer 
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2753-2758 (6) oligomer may be due to topological hindrances by the ribosomal proteins; the probe does bind to naked 16 S RNA (data not shown). Among the 23 S RNA probes (Table IV) , probes 15, 16, 18, and 22 bind more or less to the same extent to both TC and LC 50 S ribosomes, whereas probes 13, 14, 17, 20, and 23 show differential binding to TC and LC 50 S ribosomes. The extent of their binding is greater to LC than TC ribosomes. Conversely, probes 19 and 21 bind more to TC than to LC ribosomes. Among 23 S RNA probes, unspecific binding to 30 S TC ribosomes is comparatively lower.
The specificity of binding of 32 P-labeled probes for the corresponding ribosomal subunit was further verified by studying the binding saturation in two ways, noncompetitive binding (by preincubating with a non-radioactive probe against a different region and then incubating with the radioactive probe), and competitive binding (by preincubating with non-radioactive probe and then incubating with the same radioactive probe), using nitrocellulose filter binding assays. In both cases, unbound non-radioactive probe was removed prior to incubation with the radioactive probe by spin column chromatography (24) using 1-ml Sepharose 6B columns. The results obtained with four different oligodeoxynucleotides, probes 5 and 8 of the 16 S RNA and probes 16 and 22 of the 23 S RNA, are presented in Fig. 3 . Each oligodeoxynucleotide shows a behavior of saturation kinetics when an increasing amount of probe is incubated with the corresponding ribosomal subunit (Fig. 3, row I) . Different probes show different saturation kinetics, depending on probe size and on the availability of the target site. This clearly shows that the probes primarily bind to their target subunits, although some nonspecific binding to the other subunit always takes place, as seen previously in the gel filtration method.
When ribosomal subunits are preincubated with non-radioactive probe against a different RNA region (for example, with probe 8 in Fig. 3A, row II) , the binding of the probe to its target subunit is not affected; however, unspecific binding to the other subunit further diminishes (Fig. 3, row II) . This clearly indicates specific binding to the target site. To confirm this, ribosomal subunits were preincubated with non-radioactive probe and then incubated with the same radioactive probe. Binding of the radioactive probe diminishes considerably (Fig. 3 , compare row I with row III of the same column). Probe 16 (complementary to the 2306 -2313 region of the 23 S RNA) shows a small amount of specific binding to the 30 S subunit (Fig. 3, column  C) , which may be due to a homologous sequence present in the 16 S RNA. Although the probability of a probe binding to more than one site cannot be ruled out through these experiments, it is unlikely, as computer-based analysis for each probe shows a single complementary site in the RNA, except in the case of probe 23 (2753-2758), which has a second site (199 -204) .
Identification of the Sites of Association of TC and LC Ribosomes Using Oligodeoxynucleotide Probes-All the probes synthesized against specific regions of 16 S and 23 S RNA were individually directed against TC and LC ribosomes to locate the association sites. Only some of the probes were effective in inhibiting subunit association. The formation of 70 S ribosomes from subunits diminishes with increasing concentration of those probes. As an example, the effect of increasing concentration of probe 8 on association of 30 S and 50 S TC ribosomes, as analyzed by sucrose gradient centrifugation, is presented in Fig. 4 . A comparison of the effects of various probes is presented in Fig. 5 . The extent of binding of probes to ribosomes and their effects on subunit association were generally in good agreement. Any differences may be due to the different associ- ation constants of the probes and the subunits.
Most of the probes were used in 30-fold molar excess to study their effects on the association of TC and LC ribosomes (Fig. 6) . Probe 2 (783-791) was effective in inhibiting the association of LC ribosomes only (Fig. 6b) , whereas probe 5 (787-795) to a region partially overlapping that of probe 2 inhibited the association of TC ribosomes more effectively than that of LC (Fig.  6c) . Similarly, while probe 14 (2294 -2315) only negligibly interferes with the association of TC ribosomes, it does interfere significantly for LC ribosomes (Fig. 6d) . This probe covers two regions of the 23 S RNA, region 2308 -2313 (a site suspected from Noller's kethoxal data), and region 2295-2303, which has its complementary region in the 16 S RNA. High absorbency at the top of the gradient (Fig. 6d) is due to the large excess of probe 14 and its greater size. Probe 22 (2750 -2757) almost completely inhibits the association of TC ribosomes, without affecting that of LC ribosomes (Fig. 6e) .
The results obtained with various 16 S RNA probes are summarized in Table V . Probe 8 (811-820) strongly inhibits the association of TC ribosomes but is only moderately effective (44%) for LC ribosomes. Similarly, probe 9 (815-823) to an overlapping region was also effective, although to a lesser extent, only with TC ribosomes. Probe 12, which is complementary to the 1491-1500 region of the 16 S RNA, selectively inhibits the association of LC ribosomes. Probes 2 and 12 inhibit the association of LC ribosomes only, although they fail to bind to both TC and LC ribosomes (see Discussion). Probes 1, 4, and 11 do not show any effect on the association of either of the two ribosomal populations. Probes 3 and 10 inhibit the association of TC ribosomes, the latter to only a small extent (the effect of probe 3 on LC ribosomes was not tested). Probes 6 and 10 have no effect on LC ribosomes.
The results obtained with the various 23 S RNA probes are summarized in Table VI were then added, and the volume of the incubation mixture was adjusted to 105 l with TMA-10 buffer. After incubation for 90 min at 37°C, the reaction mixture was loaded on a 5-ml 5-30% sucrose gradient in the same buffer and centrifuged at 114,000 ϫ g for 2.5 h. The gradients were analyzed spectrophotometrically using an ISCO absorbance monitor as described under "Materials and is against a smaller region (2753-2758), also inhibits the association of TC ribosomes only, although to a lesser extent. Probes 19 and 21 have no effect on the association of either TC or LC ribosomes. Probe 18 also does not interfere with the association of TC ribosomes; its effect on LC ribosomes was not tested.
DISCUSSION
The translocation model proposed in this laboratory (15-17) is based on the assumption that TC and LC ribosomes represent the pre-and post-translocation states. That TC and LC ribosomes use different sites for association has been reported previously (17, 20, 25) . The present study has attempted to locate the sites of association of the 16 S and 23 S RNAs in the two populations of ribosomes using synthetic oligodeoxynucleotide probes. TC ribosomes utilize primarily those sites that were suspected from the kethoxal data of Noller and co-workers (3, 4) , whereas LC ribosomes utilize a few other sites not evident from their work, which was confined to TC ribosomes only. A tentative scheme of the sites shared by TC and LC ribosomes as well as the unshared sites can be drawn (Fig. 7) .
Four different categories of probes were found: (i) those that bind to one type of ribosome and inhibit the association of the same type only (e.g. probes 13 and 14), (ii) those that bind more strongly to one type of ribosome than to other type but do not inhibit the association of either (e.g. probes 19 and 21), (iii) those that bind about to the same extent to both types of ribosomes but inhibit the association of only one type of ribosome (e.g. probe 22), and (iv) those that inhibit the association of LC ribosomes but do not bind to either type of ribosome (e.g. probes 2 and 12). These results suggest different tertiary structures of the RNAs in the two types of ribosomes.
Although probes 2 (783-791) and 12 (1491-1500) significantly inhibit the association of LC ribosomes, they do not affect the association of TC ribosomes. Interestingly, these probes do not bind to either TC or LC 30 S ribosomes. That the sites for these two probes become accessible following association of LC ribosomes 2 may result from conformational changes of the 16 S RNA, as suggested by others (26, 27) . Thus, the effects of these probes might be steric or allosteric in nature. It should be pointed out that these rRNA regions have been localized at the platform of the 30 S subunit (28) , which changes its conformation upon association with the 50 S subunit (29) .
Our results corroborate the findings of Hill and co-workers (11, 12) , who used probe 5 (787-795) of the 16 S RNA as well as probes 16 (2306 -2313) and 22 (2750 -2757) of the 23 S RNA.
Furthermore, six different probes (numbers 2-7) of the 783-795 region were used in this study. Of these, probes 5 and 7, which complement the sequence downstream of this region, are slightly more effective in inhibiting the association of TC ribosomes, whereas probe 2, which is against the sequence upstream of this region, is effective for LC ribosomes only. It should be noted that the 788 -793 region of the 16 S RNA is complementary to the 2753-2757 region of the 23 S RNA, and probe 22 (2750 -2757) of the 23 S RNA strongly inhibits the association of TC ribosomes. Probe 23 also inhibits the association of TC ribosomes, although less strongly. Neither probe 22 nor probe 23 inhibits the association of LC ribosomes. It appears that the downstream region 788 -795 of the 16 S RNA recognizes the 2753-2758 region of the 23 S RNA of TC ribosomes. Surprisingly, probe 6 (788 -793) does not bind to either of the subunits and has no effect on the association of TC ribosomes; this anomaly could not be explained. The upstream region 783-791 is exactly complementary to the 2295-2303 region of the 23 S RNA, and probe 13 (2294 -2302) and a longer stretch probe 14 (2294 -2315) of this region somewhat selectively inhibit the association of LC ribosomes. These results indicate that the region upstream of 783-795 in the 16 S RNA, i.e. 783-791, recognizes the 2295-2303 region of LC ribosomes, and that the slightly overlapping region 788 -793 downstream recognizes the 2753-2758 region of the 23 S RNA of TC ribosomes (Fig. 7) .
To study another suspected site, 818 -823 of the 16 S RNA, three different overlapping probes, 8 (811-820), 9 (815-823), and 10 (818 -823), were used. Probe 8 is most effective in inhibiting the association of both TC and LC ribosomes. Probe 9 is less effective with TC ribosomes, perhaps due to the partially double-stranded nature of this region of the RNA (30) . This probe, however, is ineffective on LC ribosomes. This region of the 16 S RNA (818 -823) was proposed to recognize the 2308 -2313 region of the 23 S RNA (3, 4) . When three probes of varying length complementary to this region of the 23 S RNA are assayed, all of them (probes [15] [16] [17] inhibit the association of both TC and LC ribosomes, although the effect of probe 17 was very small. As mentioned above, probe 14, covering a longer stretch (2295-2315), selectively inhibits the association 2 R. Singh and D. P. Burma, unpublished observations. of LC ribosomes. Thus, the secondary structure of the 2294 -2315 loop region of the 23 S RNA may not be the same in TC and LC ribosomes.
Although the data presented here are not unequivocal, they are generally consistent with the interactions between the 16 S and 23 S RNAs of TC and LC ribosomes depicted in Fig. 7 . Our results also suggest that during translocation there should be spatial movement of the two ribosomal subunits with respect to one another, as indicated previously by Moazed and Noller (31) . Experiments with TC and LC subunits isolated from ribosomes containing specifically mutated ribosomal RNAs may provide further refinement to the present study.
